Many environmental cont ants aer the reproduction of animals by altering the development and function of the edocrine system. The ability of environmental contamints to alter the endocrn s of alligators was studied both in a descriptive study in which juvenile alligators from; a historicallycontaminated lake were compar to anima fro a control lk that aromatase activity is increased in prospective females during periods coinciding with thermosensitivity (11-13). Second, high doses (50-100 pg per egg) of testosterone cause feminization of T scripta at a male-producing temperature (8, 14) . Because testosterone is the precursor to E2, this phenomenon is thought to be mediated by the enzyme aromatase. Third, administration of an aromatase inhibitor induces male sex determination in both a female unisexual (parthenogenetic) lizard and a turtle with temperature-dependent sex determination (15). Collectively, these studies suggest that aromatase is an enzyme critical to thermosensitive sex determination and is capable of modification by extrinsic factors.
In e al study, t endocrine-disr n tandd caused sex revenal from male to female, with a correspondig increwe in aoma it Vimoolin had no apparent effect on male or female alligators. Among the herbicides tested, atrazine induced GAM aromatase activity in male haIg ts at was ndether haracteristic of males nor females, although testicular differentiation was not altered. Exposure to 2,4-dichlorophenoxyacetic acid had no effect on (3) . Unlike birds and mammals, many fish, amphibians, and reptiles exhibit environmental sex determination, by which the gender of the undifferentiated embryo is determined by an environmental variable. In many reptiles, the temperature of egg incubation determines the sex of the offspring (4) . Exposure of developing reptile embryos to exogenous chemicals can mimic the effects of temperature on sex determination. For example, when redeared turtle (Trachemys scripta) embryos are incubated at a male-producing temperature and exposed to 1 7,-estradiol (E2) during the window of developmental sex determination, phenotypically female turtles are produced (5, 6) . This estrogen-induced sex reversal appears to be dose dependent (7) and suggests that other steroidal agonists, steroidal antagonists, and steroidogenic disruptors could alter normal sexual differentiation. Indeed, Wibbels and Crews (8) found that steroid hormones are not exclusive in their ability to alter normal sex determination, as many estrogen agonists and steroidogenic modifiers mimic and/or reverse the effects of temperature on the differentiation of primary sex organs in red-eared turtles. The specific mechanisms by which temperature determines gender are unknown, but it is hypothesized that temperature stimulates or suppresses pivotal steroidogenic enzymes (9) . These enzymes then propagate a cascade of events leading to the organization of a testis or ovary. This hypothesis is supported by work conducted on the steroidogenic enzyme aromatase. Aromatase converts androgens to estrogens by binding the C19 androgen substrate and catalyzing several reactions, thus leading to a phenolic ring characteristic of estrogens (10) . The pivotal role of aromatase in temperature-dependent sex determination is supported by several lines of evidence. First, several studies indicate that aromatase activity is increased in prospective females during periods coinciding with thermosensitivity (11) (12) (13) . Second, high doses (50-100 pg per egg) of testosterone cause feminization of T scripta at a male-producing temperature (8, 14) . Because testosterone is the precursor to E2, this phenomenon is thought to be mediated by the enzyme aromatase. Third, administration of an aromatase inhibitor induces male sex determination in both a female unisexual (parthenogenetic) lizard and a turtle with temperature-dependent sex determination (15) . Collectively, these studies suggest that aromatase is an enzyme critical to thermosensitive sex determination and is capable of modification by extrinsic factors.
In consideration of these studies, we propose that the endocrine-altering effects of some environmental contaminants may be mediated via changes in the expression or activity of the aromatase enzyme. Two studies, one descriptive and one experimental, were conducted to test this hypothesis. First, juvenile alligators from a control lake and a lake historically contaminated with a number of persistent organochlorines were analyzed for plasma steroid hormones and in vitro gonadal-adrenal aromatase activity. Second, embryos from a control lake were exposed to several known hormonal modifiers and two common herbicides, and Articles * Endocrine alterations in alligators hatchlings were analyzed for egg chorioallantoic fluid (CAF) hormones, plasma steroid hormones, and in vitro aromatase activity. Using these studies, we sought to determine whether aromatase function could explain endocrine alterations in alligators exposed to EDCs.
Materials and Methods

Animals and Treatments
For the descriptive study, eggs were collected from six nests on Lake Apopka, Florida (contaminated lake), and six nests on Lake Woodruff National Wildlife Refuge, Florida (control lake), during the first week of July 1995. Lake Apopka is designated as one of Florida's most polluted lakes (16) (17) . Analysis of alligator eggs taken from Lake Apopka in 1984 and 1985 revealed significant residues of toxaphene, dieldrin, p,p'-DDE, p,p'-DDD, trans-nonachlor, and polychlorinated biphenyls (18) . A previous study found evidence of estrogenic contamination among the female alligators of Lake Apopka (19) and, as we wanted to minimize the number of eggs taken from Lake Apopka, we incubated eggs only at a female-producing temperature (30°C) (20) . After hatching, alligators were housed at the Sante Fe Teaching Zoo (Santa Fe Community College, Gainesville, FL) in outdoor semiaquatic enclosures. At 9 months of age, the female alligators were transported to the laboratory for tissue collection.
For the experimental study, eggs were collected from seven nests on Lake Woodruff, Florida, during the first week of July, 1995. Eggs were transported to our lab and placed in an incubator at 30°C. One egg from each clutch was opened to stage the embryos. Staging was based on criteria defined by Ferguson (21) . Five days after collection (and prior to the temperature-sensitive period when sex determination occurs), eggs were separated into two groups such that half of the eggs from one clutch were incubated at 300C (female-producing temperature) and half at 330C (male-producing temperature). Eggs were maintained at approximately 90% humidity using sphagnum moss as incubation material. Within each incubation group, eggs from each clutch were distributed among six treatment groups of varying dosages (Table 1) . One treatment group served as a control and three groups served as endocrine-disrupting standards: E2; tamoxifen, which acts as an estrogen in embryonic alligators but an antiestrogen in hatchlings (22) ; and vinclozolin, a potent antiandrogen in rodents (23) . The two remaining treatment groups were the modern-use herbicides atrazine and 2,4-dichlorophenoxyacetic acid (2,4-D) . Treatments were applied topically to the eggshell in 50 pl of 95% ethanol, a technique frequently used to transport compounds inside reptilian eggshells (7, 8) . Using this method, Crews et al. (7) found that greater than 89% of the applied compound is incorporated into the embryo. The treatments were applied at stage 21 of embryonic development, the beginning of the critical period of gonadal differentiation (20) .
Upon pipping, CAF was collected and frozen at -72°C until steroid hormone analysis. Total Aromatase assay. Hatchlings were individually housed for 10 days prior to tissue collection. Following the collection of blood from the dorsal post-cranial sinus, a lethal injection of sodium pentobarbital (0.4 mg/g) was administered in the sinus. Animals are anesthetized within 30 sec using this method. The right gonadal-adrenal mesonephros (GAM) complex was immediately removed for the aromatase bioassay. Aromatase activity was measured indirectly based on the release of tritium from lp-3H-androstenedione during aromatization of the substrate into estrogen (24) . Briefly, the tissue was placed in 400 pl culture media (RPMI-1640; Sigma Chemical Co., St. Louis, MO) supplemented with 0.8 mM tritiated androstenedione (DuPont NEN Research Products, Boston, MA; # NET-926). After a 6-hr incubation at 32°C, 300 pl of the media was transferred to a new tube. Chloroform (1.5 ml) was added and the tube was vortexed and then centrifuged for 15 min at 2,000g. A 200-pl aliquot of the aqueous phase was added to a new tube.
Five percent charcoal/0.5% dextran (200 pl) was added and the tube was vortexed and then immediately centrifuged for 15 min at 2,000g. Scintillation fluid (5 ml) was added to 300 pl supernatant and the tube was counted on a Beckman scintillation counter (Beckman Instruments, Schaumburg, IL). Aromatase activity is proportional to the amount of tritium in the scintillation vial and is calculated as a percentage of the total substrate added. After subtracting the nonspecific tritium release, the disintegrations per minute (dpm) of the sample tubes are converted to a percentage of the total dpm added. This percentage is multiplied by the mass of the substrate added. After adjusting for extraction loss, the value obtained represents the amount of substrate converted to tritiated water, which is proportional to aromatase activity. Assay sensitivity was defined as twice the mean counts per minute (cpm) of blank tubes, which corresponds to 0.15 pmol/g/hr for the average-weight GAM (0.032 g).
GAMs from three additional control female alligators were used to determine the specificity of the aromatase assay. The left GAM was incubated as above, whereas the right GAM was exposed to media supplemented with the aromatase inhibitor 4-hydroxy androstenedione (100 pM). Alligators exposed to the aromatase inhibitor had significantly lower GAM aromatase activity (p = 0.45 pmol/g/hr) compared to the individuals incubated normally (p = 3.15 pmol/g/hr).
Histology. Histology was conducted to determine histological sex in order to document which compounds induced sex reversal. A complete histopathological examination of the GAMs was beyond the scope of this study. The left GAM was preserved in Bouin's fixative, serial sectioned at 7 pm following paraffin embedding, and stained with a modification of Harris' trichrome staining procedure (25) . Gonads were inspected and scored as testis or ovary by two independent researchers. Histological criteria originally reported by Forbes (26) and recently reestablished by Guillette et al. (19) were used to determine sex. In brief, criteria for testis included reduced cortex and medullary sex cord proliferation, whereas criteria for ovaries included hypertrophied cortex, medullary reduction, the presence of lacunae in the medulla, and germ cells in the cortex.
Radioimmunoassays. E2 and testosterone (T) concentrations were measured in plasma of the 9-month-old descriptive study animals and in plasma and CAF of all hatchlings that provided ample fluids. Radioimmunoassays for E2 and T were performed as previously described (27) was used for between-lake comparisons. In the experimental study, a two-factor analysis of variance (ANOVA) was used to test the effects of treatment and dose on aromatase activities. Where the interaction of treatment and dose was not significant, the factor of dose was removed from the analysis and a one-factor ANOVA was used to test the effects of treatment on hormone concentrations and aromatase activity. Fisher's protected LSD was used as a posthoc test to discriminate which groups differed significantly.
Results
Descriptive Study-Female Juvenile Alligators
Results of the aromatase enzyme assay are expressed both as fmol/hr and pmol/g/hr.
The former is used in other studies of alligator gonadal aromatase activity (13, 24) and is presented here for comparative purposes only. A comparison of the female juvenile alligators found that GAM aromatase activity was significantly elevated in Lake Woodruff alligators compared to Lake Apopka alligators ( Table 2 , Fig. 1B ). Mean concentrations of E2 were not different between lakes (p = 0.5178), but concentrations of T were significantly lower in Apopka animals compared to Woodruff animals (p = 0.05; Fig. IA (1) , and this study has documented that one such mechanism is the alteration of the steroidogenic enzyme aromatase. Results from the descriptive study indicate that GAM aromatase activity is significantly different between control and contaminated juvenile alligators, but this difference does not correspond with the alterations in circulating hormones in these animals. A previous study has shown that juvenile female alligators from Lake Apopka have significantly higher concentrations of plasma E2 when compared to juvenile females from Lake Woodruff (19) . One hypothesis for this increase in plasma E2
is that aromatase activity is increased in the contaminant-exposed Lake Apopka alligators. However, the current study shows that female alligators from Lake Apopka have a significantly lower mean aromatase activity when compared to females from Lake Woodruff. These results are consistent with Volume 105, Number 5, May 1997 * Environmental Health Perspectivesdata from in vitro cultures of gonads from Lake Apopka and Lake Woodruff juvenile alligators, which show that ovaries from Lake Apopka animals produce significantly less E2 in vitro than do Lake Woodruff animals (28) .
Although this study did not detect a difference in plasma E2 between female alligators from Lakes Apopka and Woodruff, significantly less T was present in the plasma of the female Lake Apopka alligators. Several studies have noted a decreased plasma T concentration in male and female juvenile alligators from Lake Apopka (19, 29) . The extent to which such decreases in plasma T alter the physiology of alligators is unknown, but a recent study has shown that mean phallic size in alligators from Lake Apopka is significantly smaller than that of males from Lake Woodruff (29) . Because alligator phallic development and size are androgen dependent (30) , it is probable that the decrease in plasma T concentrations contributes to an inhibition of penis growth in males. The effects of decreased T on females are unknown.
Results from the experimental study indicate that treatment with exogenous chemicals can alter the endocrine system of developing alligator embryos. Among the endocrine-disrupting standards, E2 and tamoxifen treatments caused the development of ovaries in embryos incubated at a male-producing temperature. However, neither atrazine nor 2,4-D had such obvious endocrine-altering effects. In an attempt to assess the impact of the treatments on the developing embryo, we measured hormone concentrations in the CAF. The urinary wastes of developing oviparous embryos are stored in a membrane-bound sac called the allantois. As development proceeds, the allantoic membrane fuses with the chorion; the fluid inside is termed CAF. A previous study measured sex steroids in this fluid and indicated that the measurement of these steroids could provide an assessment of the embryonic hormonal environment (31) . Unlike the study by Gross et al. (31), we were unable to detect any difference in steroid hormones between control males and females. The only difference in CAF hormones was for T concentrations between the tamoxifen treatment and controls at a male-producing temperature. Therefore, measurement of steroid hormones in CAF does not appear to be a usefil technique for assessing the embryonic hormonal environment of alligators. Measurement of aromatase activity indicates that the enzymatic activity of GAM tissue from hatchlings incubated at a male-producing temperature can be altered by exposure to exogenous compounds. None of the treatment groups had an effect on aromatase activity of hatchlings incubated at a female-producing temperature, but several differences were noted among alligators incubated at a male-producing temperature. All dosages of E2 and tamoxifen caused ovarian differentiation at the maleproducing temperature, and aromatase activity in these groups was increased accordingly (although only the tamoxifentreated animals had aromatase activity that was significantly different from the control males). The aromatase activity of the bControl lake. cAromatase activity is expressed as both fmol/hr and pmol/g/hr; statistical analysis was performed on the latter, and the former is presented only to facilitate comparison with other studies (13, 24) . Table 3 . CAF hormones, plasma hormones, and gonadal-adrenal mesonephros aromatase activity for hatchling alligators treated in ovo with various compounds and incubated at a female-producing temperature (30°C aThe range of E2/T ratios are different from those previously presented for alligators by Guillette et al. (19) . This is expected because different antibodies (with different sensitivities and specificities) were used in the two studies. (33) . Conversely, atrazine significantly decreases pituitary 5a-reductase, 3a-hydroxysteroid dehydrogenase, and 3p-hydroxysteroid dehydrogenase activity in adult male rats (34, 35) . The (36, 37) . Although it is not known if such animals are capable of successful reproduction during adulthood, the present study finds no significant difference in aromatase activity between the female control animals and the sex-reversed tamoxifen-and E2-treated animals. This would suggest that at least at hatching, exogenously sex-reversed animals are capable of normal steroid production.
The present study has indicated that induction and suppression of aromatase enzyme activity are potential modes of contaminant-induced endocrine disruption in a species with temperature-dependent sex determination. Such disruption may not be limited to species with environmental sex determination, as aromatase function can also be affected in species with genetic sex determination. For example, the newt Pleurodeles walti exhibits a ZZ/ZW system of genetic sex determination in which females are the heterogametic sex and, although sex determination is under gametic control, the sexual differentiation of the gonads can be modified by alterations in temperature (11) . When ZW females are incubated at 320C, aromatase activity in the gonadal-mesonephric complex is decreased to male-like levels. This suggests that although sex determination is genetic, the steroidal environment can be easily manipulated by exposure to various extraneous factors, including compounds that modify steroidogenic enzymes. Indeed, the addition of aromatase inhibitors modifies the sexual differentiation of animals with genetic sex determination. When treated with an aromatase inhibitor, genetically female chickens are masculinized but eggs fertilized by these males are not viable (38) . This infertility is species dependent, as genetically female Chinook salmon (Oncorhynchus tshawytscha) develop into functional males if exposed to an aromatase inhibitor for as little as 2 hr (39) .
This study attempted to determine 1) if the endocrine alterations previously observed for wild alligators could be explained by alterations in aromatase activity and 2) if endocrine disruptions, including alterations in aromatase activity, could be induced by embryonic exposure to herbicides used extensively in the habitat of these wild alligators. Aromatase activity was significantly lower in female Lake Apopka animals compared to control animals, a result that supports data from in vitro culture of Lake Apopka alligator gonads (28) . This increased aromatase activity does not, however, explain increases in circulating E2 that have been described previously for wild Lake Apopka females (19) . Embryonic exposure to 2,4-D had no effect on the endocrine parameters measured, but atrazine exposure caused aromatase activity that was characteristic of neither males nor females. Thus, atrazine exposure may induce endocrine alterations in embryonic alligators. These data emphasize the importance of considering the alteration of steroidogenic enzymes when analyzing contaminant-induced endocrine disruption.
